A new method to evaluate the solar energy absorbed by the surface using remote sensing data and the method of basic spectra is presented. The proposed method allows one to calculate parameters of radiation transferring in the atmosphere without being related to specific satellite instruments or areas.
Introduction
The amount of solar energy absorbed by the "atmosphere-surface" system is a key parameter in the problem of global climate change. The use of remote sensing satellite data is the most convenient way to establish monitoring of the radiation balance of the earth over vast areas. Current remote sensing systems provide high spatial resolution data and allow one to carry out monitoring over very big areas.
The majority of current models for evaluating the solar energy absorbed by the surface using satellite data are based on statistical processing of data from numerical simulations of atmosphere radiation transfer. One of such models is the model provided by Tang [1] . It uses MODIS/Terra spectroradiometer data for the top of the atmosphere (TOA) radiances to calculate then amount of solar energy W (W/m
2 ) absorbed at the surface level:
where r is the TOA broadband albedo, θ s is the solar zenith angle, E 0 is the TOA solar irradiance at one astronomical unit (1358 W/m 2 ), d is the distance from Earth to the sun in astronomical units. Coefficients α ′ and β ′ are
where a i , x, y, z are constants for various types of surface, µ is the cosine of the solar zenith angle, w is the total precipitable water. MODIS/Terra spectral radiances ρ are used to calculate TOA broadband albedo r:
The main drawback of this and other similar models [2, 3] is the need for solving systems of equations which are obtained by fitting a large number of numerical simulation data. Due to that it is impossible to evaluate errors of each input parameter on every step of calculations [4] . Another significant disadvantage of the models is their dependency on specific satellite instruments or geographical areas.
A hybrid method to calculate the amount of absorbed solar energy (the range of wavelength is 0.3-2.4 µm) is presented in this paper. This method is based on spectral approach. It allows one to recover the spectral albedo (a) of the surface using outgoing radiance at TOA and to calculate the spectrum of radiation incident on the surface (E s ) with the use of spectral function of atmospheric transmittance with corresponding parameters. To solve these problems MOD-TRAN5.2.1 code is used to simulate interaction of solar radiation with "atmosphere-surface" system. The MODIS/Terra satellite data [5] is used as input data.
1. Calculation of the amount of absorbed solar energy using MODTRAN5.
code
To evalute surface spectral albedo MODTRAN5.2.1 is used. At the first step radiance at TOA in wavelength range of MODIS i channel is calculated using MODIS spectral filter function with known atmospheric parameters and some particular surface albedo a [6] . After that calculated with MODTRAN radiance is compared with real radiances measured with MODIS. If they differ then albedo is changed. Thus, using method of chords, it is possible to determine albedo within required accuracy with few MODTRAN runs. In this work first 7 MODIS channels (459-2155 nm) are used. However, the proposed method does not have any restrictions to use any other channels or spectral bands. On the final step interpolating function based on calculated albedo in MODIS bands is constructed. The function is based on cubic splines. Calculations showed that such interpolating function gives good results for many types of natural surfaces (vegetation, grass, soils, water etc.)
MODTRAN is also used again to solve the problem of evaluating the energy that reaches the surface level. When surface spectral albedo and spectrum of incline energy at the surface level are known the spectrum of absorbed solar energy is calculated and then integrated over the required wavelength range.
To validate the method described above, the results of calculated absorbed solar energy at the surface are compared to data from SURFRAD a network of surface stations which conduct monitoring of radiation balance. Three stations located in Boulder, Bondville and Desert Rock were chosen. Data for 25 days was used that represents summertime clear-sky conditions. For each of these days required MODIS data was used (MOD021km, MOD03, MOD04, MOD05, MOD35_L2). Only those satellite scenes were used in validation where the surface station was in the middle of the scene. This condition is necessary to avoid distortion of pixels at the scene corners due to the shape of Earth. Using geographical coordinates of stations required MODIS data were extracted from respective pixels. A total of 75 calculations of absorbed solar energy were made under various atmospheric conditions, scene geometry and surface types. It was found that the difference between amount of absorbed solar energy calculated with the proposed method and amount of absorbed energy measured by surface monitoring stations is not more than 2-6 %. Therefore, the proposed method allows one to obtain correct results.
Basic spectra method
The use of MODTRAN in real-time computations of absorbed solar energy on vast territories is difficult because of high computational cost for each pixel processing. To reduce calculation time it is necessary to replace MODTRAN calculations by calculations with simpler computational model. This model is based on mathematical model which properly describes processes of propagation and interaction of radiation with "atmosphere-surface" system.
In this paper we propose such mathematical model which uses basic spectra. Basic spectra are spectra of parameters of functions that describe processes of interaction of radiation with "atmosphere-surface" system. Basic spectra are determined for pre-specified particular conditions of observation and fixed atmospheric parameters. These spectra could be obtained from natural or numerical experiments. The required spectra needed to calculate energy for arbitrary values of atmospheric parameters and conditions of observation could be found in terms of basic spectra with the use of special conversion operators. These operators could be found using physical laws or simple approximations and conditions of observation.
By way of example let us consider the usage of the basic spectra method for evaluating the energy of radiation incident on the surface. It is one of the stages to evaluate the total absorbed solar energy.
The process of attenuation of the radiation during its transfer through the atmosphere can be described in terms of spectral transmittance function for certain atmospheric condition. Analysis of 2550 MODTRAN simulations of radiation transfer showed that two key parameters, namely, aerosol optical thickness (AOT) and total precipitable water exert primary control over the amount of energy traveled through the atmosphere (in clear-sky condition). These parameters could be found in MODIS products (MOD04 and MOD03, respectively). The other MODTRAN atmospheric parameters could be set to default values. With this assumption overall total errors are not more than 2 %. Fig. 1 shows the dependence of spectrum of upwelling radiation at TOA on atmospheric parameters.
The atmospheric transmittance spectrum for known AOT and total precipitable water can be used to calculate transmittance for random values of these atmospheric parameters using following conversion formula:
where F sun is the spectrum of solar irradiance at TOA, T wv is the water vapor transmittance for total precipitable water of 0.5 g/cm 2 and solar zenith angle (SZA) = 0
• , T aer is the aerosol transmittance for AOT = 0.1 and SZA = 0 • , W is the conversion operator of the basis spectrum T wv to the spectrum with random value of total precipitable water, A is the conversion operator of the basis spectrum T aer to the spectrum with random value of AOT, T atm is the atmospheric transmittance without water and aerosol contribution with SZA 0
• , E s is the amount of solar energy incident on surface, θ is the solar zenith angle.
The form of conversion operators of can be obtained using Beer's law:
where c is the parameter that determines a concentration of the absorbing substance, l 0 is the thickness of atmospheric layer in meters, θ is the solar zenith angle, s(λ) is the transmittance function. This function depends only slightly on concentration. If c 0 and θ are parameters of the basic spectrum T 0 and c ′ and θ ′ are parameters of the required spectrum T ′ then
ln T0 . Water transmittance spectra are showed in Fig. 2 . These are basic spectrum (w = 0.5 g/cm 2 ), required spectrum (w = 1.572 g/cm 2 ), spectrum calculated with the use of basic spectra method and the spectrum simulated with MODTRAN (w = 1.572 g/cm
2 ). This figure shows that the difference between calculated and simulated with MODTRAN spectra is less than 0.3 and it is located mostly in the range of abrupt change of the transmittance.
Validation
For validation of the proposed method the same set of data was taken that was used for calculation of absorbed solar energy with MODTRAN in Section 1.
Amount of the incident energy at the surface level in the geographical coordinates of SURFRAD stations was calculated by proposed method using MODIS spectroradiometer data of atmospheric condition and Sun-to-point-of-view geometry. Transmittance basic spectra and spectrum of solar irradiance at TOA were obtained using MODTRAN and then required spectra for each day were evaluated by proposed method. Then the amount of energy at the surface level was calculated for each of 75 days and compared with the value of energy measured by the station at the time when the satellite was above the station. The results of validation are summarized in Tab. 1. There are data from SURFRAD sites in 3 columns, amount of energy at the surface that has been calculated with the basic spectra method (BSM), their difference, and 
